During early meiotic prophase, homologous chromosomes are connected along their entire lengths by a proteinaceous tripartite structure known as the synaptonemal complex (SC). Although the components that comprise the SC are predominantly studied in this canonical ribbon-like structure, they can also polymerize into repeated structures known as polycomplexes. We find that in Drosophila oocytes, the ability of SC components to assemble into canonical tripartite SC requires the E3 ubiquitin ligase Seven in absentia (Sina). In sina mutant oocytes, SC components assemble into large rod-like polycomplexes instead of proper SC. Thus, the wild-type Sina protein inhibits the polymerization of SC components, including those of the lateral element, into polycomplexes. These polycomplexes persist into meiotic stages when canonical SC has been disassembled, indicating that Sina also plays a role in controlling SC disassembly. Polycomplexes induced by loss-of-function sina mutations associate with centromeres, sites of double-strand breaks, and cohesins. Perhaps as a consequence of these associations, centromere clustering is defective and crossing over is reduced. These results suggest that while features of the polycomplexes can be recognized as SC by other components of the meiotic nucleus, polycomplexes nonetheless fail to execute core functions of canonical SC.
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Introduction
The faithful segregation of chromosomes away from their homologs at the first meiotic division is the physical basis for Mendelian inheritance. In most organisms, chromosome segregation is achieved by recombination between paired homologs, a process that results in chiasmata and in the production of gametes bearing recombined chromosomes. Both the maintenance of homolog pairing and crossing over depend on the production of doublestrand breaks (DSBs) in the context of the synaptonemal complex (SC). Meiotic DSBs are catalyzed by SPO11 homologs, and a subset of these DSBs are then converted into crossovers only in the presence of the SC [1, 2] . By maturing into chiasmata, these crossovers serve to physically interlock homologs at metaphase I and thus ensure segregation.
In Drosophila melanogaster females, as well as many other organisms, the SC assembles along each pair of homologous chromosomes during early pachytene [3, 4, 5] . Proper SC formation is required not only for chromosome synapsis, but also for the maturation of DSBs into crossovers [6, 7, 8, 9] . The SC also plays a pivotal role in the clustering of centromeres in Drosophila females [10, 11] . As analyzed by electron microscopy (EM), the SC has a tripartite zipper-like structure that is highly conserved across many organisms [5, 12, 13, 14] . Electron dense lines, referred to as the lateral elements (LEs), associate along each of the homologous chromosomes. Lateral element components include the cohesin and cohesin-related proteins that connect the chromatin to the rest of the SC (Fig 1A) . The structure between the LEs is called the central region, and the electron-dense line that runs down the center of the central region is referred to as the central element. While the amino acid sequences of SC proteins evolve rapidly between even closely related species [15] , the basic tripartite structure of the SC is maintained from yeast to humans, indicating the SC's structure is crucial for its function in meiosis [5] .
A schematic of the current structural model of the Drosophila SC is shown in Fig 1A. The transverse filament protein Crossover Suppressor on 3 of Gowen (C(3)G) spans the distance between LEs [6] . C(3)G is thought to form homodimers with their C-terminal ends at the LE and their N-terminal ends at the central element [6, 17] . The Corona (Cona) and Corolla proteins appear to help stabilize and/or assemble C(3)G since the loss of any of the three proteins leads to a loss of SC assembly [7, 8] .
SC components are assembled and disassembled in a highly controlled fashion ( Fig 1B) . However, the process by which they are loaded and unloaded from the chromosomes in the Drosophila ovary is poorly understood. Recent work in other organisms has demonstrated the importance of post-translational modifications in regulating the timing and pattern of SC assembly and disassembly [5] . These modifications, including phosphorylation, acetylation and sumoylation can be on the SC components themselves as well as on regulators of SC assembly [5, 18, 19, 20, 21] .
When assembly of central region components along the chromosomes is disrupted (for example, when LE proteins are absent or when excess free SC components are present), aberrant SC-like structures called polycomplexes can form [22, 23, 24, 25, 26, 27] . Polycomplexes have been observed in many organisms, and by EM they appear to be repeating layers of SC [12, 22, 23, 26, 28] . Immunofluorescence studies of these structures in yeast, worms and flies have demonstrated that the polycomplexes contain central region proteins [12, 21, 22, 24, 29, 30, 31, 32] . Polycomplex-like structures have been observed in cultured mammalian somatic cells upon expression of only the major transverse filament protein, SYCP1 [33] . Polycomplexes have been observed both in the cytoplasm and within the nucleus, and many of the better-characterized examples of polycomplexes are not associated with chromatin [22, 23, 24] . The mechanisms that ensure SC proteins assemble between homologous chromosomes and thus block self-assembly into polycomplexes are not well understood in many organisms [23, 27] .
We show here that mutations in the gene encoding the E3 ubiquitin ligase seven in absentia (sina) result in the aberrant formation of numerous and large SC polycomplexes in D. melanogaster females, demonstrating that Sina is required to promote normal SC assembly (perhaps by blocking PC formation). These polycomplexes can persist into meiotic stages beyond those at which SC has been fully disassembled in wild-type oocytes, suggesting that normal disassembly of the SC also requires a functional Sina protein. While these polycomplexes can associate with chromatin at both centromeres and at sites of DSBs, they fail to maintain centromere clustering or promote wild-type levels of crossover formation. Intriguingly, lateral element and cohesin proteins appear to be recruited to many of the sina mutant-induced polycomplexes. , SC components (blue) load along the chromosomes in up to four nuclei of the cyst. As the cyst progresses through the germarium (region 2B-3), the SC is progressively disassembled from all nuclei but the prooocyte. SC progressively disassembles from the chromosome arms in the oocyte at approximately stage 5-7 but persists at the centromeres for additional stages. (C) The sina A4 mutation affects a conserved amino acid in the dimerization domain of the Sina protein. The domains of the Sina protein are as described in [16] . The RING (Really Interesting New Gene) domain has E3 ligase catalytic activity, the SZF (SIAH-type zinc finger) domain includes a dual zinc-finger motif, the SBS (substrate-binding site) recognizes some targets, and the DIMER (dimerization) domain allows for formation of homo-and heterodimers of Sina family proteins. The location of the sina A4 mutation (highlighted) in the DIMER domain is shown in comparison to sequences from Siah1 homologs in other species (for full homology see [16] ). The location of the deletion breakpoints and the resulting early stop of the sina 3 mutation is also shown.
https://doi.org/10.1371/journal.pgen.1008161.g001
Previous work in the Drosophila eye as well as numerous studies of homologs in other organisms indicate Sina and its homologs function as E3 ubiquitin ligases that target proteins for degradation [34, 35, 36, 37, 38] . Therefore, it seems likely that Sina regulates the destruction of a protein crucial for directing proper SC assembly and maintenance along the arms of the chromosomes and that loss of functional Sina protein leads to uncontrolled assembly of SC components into polycomplex structures.
Results

A mutation in sina causes meiotic chromosome nondisjunction
In somatic tissues, Sina acts as an E3 ubiquitin ligase that targets specific proteins for degradation [34, 35, 36, 37] . For example, in the Drosophila eye, Sina has been shown to be required for degradation of the transcription factor Tramtrack [36] . Null alleles of sina are reported to cause numerous phenotypes, including lethargy, short lifespan, eyes with missing R7 photoreceptors, and male and female sterility [39] . However, a role for sina in meiosis has not been reported.
A forward genetic screen in our laboratory for mutants with elevated levels of X chromosome meiotic nondisjunction produced a mutant, termed A4, which exhibited elevated meiotic nondisjunction. Deficiency mapping and sequencing identified A4 as a new allele of sina, hereafter called sina A4 . The sina A4 mutation changes the highly conserved amino acid at position 270 from an alanine to a valine in the predicted Sina protein (Fig 1C) . Unlike null alleles of sina, which are female-sterile [39] 
SC assembly is abnormal in sina mutants
To elucidate the cause of the chromosome nondisjunction in sina A4 and sina
A4
/sina Df mutants,
we examined the early steps of meiosis. Because similar high levels of chromosome nondisjunction are also observed in females mutant for SC components [6, 7, 8, 9] , we wondered whether SC formation was defective in sina mutants. In wild-type Drosophila females, central region components of the SC are first observed to load near the centromeres during the premeiotic mitotic divisions that produce the 16-cell interconnected cyst [41] . As the cyst enters meiosis in early pachytene (region 2A) of the germarium, the central region proteins rapidly load along the chromosome arms in up to four cells of the 16-cell cyst (Fig 1B) , appearing as curved, ribbon-like tracks. As the cyst matures and moves through the germarium, the SC disassembles from three of the nuclei, leaving only the pro-oocyte nucleus with full-length SC by mid-pachytene (region 3) (reviewed in [3] ). Full-length SC is maintained until approximately stage 5, when the SC along the chromosome arms begins to progressively disassemble. At approximately stage 7-8, SC components remain only at the centromeres. Deconvolution immunofluorescence microscopy using antibodies recognizing the central region proteins C(3)G and Corolla in sina A4 and sina
/sina Df ovaries revealed the presence of aberrant SC (Fig 2) . In wild type, the SC forms as curved tracks between the chromosomes in early pachytene (region 2A) and the tracks of SC are present in the oocyte nucleus in midpachytene (region 3) (Fig 2A and 2B and S2A Fig) . In sina A4 ovaries, the SC began to assemble with relatively normal timing, exhibiting tracks of SC in multiple nuclei in early pachytene (region 2A) (Fig 2C and S2B Fig) . Full length SC tracks were observed in 46.5% (20/43) of sina A4 nuclei in early pachytene (region 2A). As the cysts progressed through the germarium, the SC lost its curved, track-like pattern and SC components began to form narrow rod-like structures (Table 2 , Fig 2D and tracks visible among the rod-like structures, and the remaining nuclei had partial pieces of track-like SC and polycomplexes ( Fig 2D and S2B Fig) . As the cysts budded from the germaria into the vitellarium at mid-prophase (stages 2-9), sina A4 oocyte nuclei retained the abnormal ranging from 0.20-4.28 μm but showed a relatively narrow range of widths with most polycomplexes less than 1 micron (Table 3 , Fig 3, S3 Fig) . Fig 2D illustrates this uniformity of width but not length of the polycomplexes, most of which were similar in appearance to rods. In sina
/sina Df ovaries the average width of the polycomplexes was greater than was observed in sina A4 homozygotes at all stages (Table 3 , Fig 3, S3 Fig). A subset of the polycomplexes showed a similar width of around 0.5 microns, but polycomplexes that were much wider could also be observed (Fig 3, S3 Fig) We find the relatively small variation in width, but not length of the polycomplexes in sina A4 nuclei intriguing. Fig 3 shows the that width of the majority of the polycomplexes are 0.5 μm or a narrower while the length ranges over several microns. In sina
/sina Df ovaries similar polycomplex widths predominate for polycomplexes under 2 μm in length, but as the polycomplexes increase in length the variability in width increases (Fig 3 and S3 Fig) mutants and the formation of these polycomplexes is correlated with defects in chromosome segregation.
The structure of sina-induced polycomplexes
We used structured illumination microscopy (SIM) to examine the organization of the abnormal SC structures in greater detail. Using SIM, the LEs of a normal SC can be resolved as two parallel tracks along the chromosome arms with an antibody recognizing the C-terminus of C(3)G. Similarly, the CE can be identified with an antibody recognizing Corolla, which localizes between these two parallel tracks [8, 17] . This wild-type, tripartite SC pattern was observed in sina A4 /+ heterozygotes, as expected given that the sina A4 mutation is recessive (Fig 4A) .
Examination of sina A4 homozygotes by SIM revealed stretches of tripartite SC in early pachytene (region 2A) (Fig 4B) , indicating that sina A4 can assemble some tracks of visually normallooking SC.
We next examined the polycomplexes in both sina A4 homozygotes and sina
A4
/sina
Df females using the C-terminal C(3)G and Corolla antibodies. SIM revealed alternating layers of Corolla and C(3)G C-terminus along the length of the polycomplex structures (Fig 4C and  4D ). In both genotypes the C(3)G and Corolla proteins appeared to localize only on the outside surface of the larger structures (inset, Fig 3C) . Morphologically, the structures looked like rods, cones, or complex shapes (Fig 4C and 4D) . The presence of repeated alternating layers of SC proteins has been shown to be a characteristic of polycomplexes [27] . This repeating pattern supports our earlier assessment that the aberrant SC structures in sina mutants are polycomplexes. Polycomplexes have been observed in Drosophila oocytes as well as in other organisms [12, 22, 23, 24, 26, 28, 45, 46, 47] . However, the polycomplexes found in sina mutants are more numerous and tend to be longer than more recently characterized examples in Drosophila [12, 45] .
To further characterize the architecture of the polycomplexes, sina
A4
/sina Df ovaries were examined using electron microscopy (EM). EM revealed a clear alternating pattern of electron-dense lines that resembled the LE and central element lines observed by EM of wild-type SC ( Fig 4E and 4F ) [12] . Immuno-EM with antibodies to Corolla and the C-terminus of C(3)G revealed that Corolla, which localized to the denser lines resembling the CE in wild-type SC, alternated out-of-phase with the C-terminus of C(3)G, which localized to the less-dense lines resembling LEs in wild-type SC ( Fig 4F) . A similar repeating pattern has been previously observed by EM in Drosophila [12] . An EM image of what appears to be a slice through two polycomplexes supports what was observed by SIM for the larger polycomplexes, that the larger polycomplexes have the appearance of a hollow middle (Fig 4G) . Similar views of previously characterized polycomplexes observed by EM in mutants that only express a version of C(3)G lacking the C-terminus also appeared to be hollow in the middle [45] . Since the central region proteins Corolla, C(3)G, and Cona are mutually dependent on each other for wild-type SC formation [7, 8] , we next examined whether Cona was present in the sina polycomplexes. Both an antibody recognizing Cona and a Venus-tagged Cona overexpression construct localized to the polycomplexes in sina A4 and sina By SIM, the Venus-tagged Cona incorporated robustly into the large polycomplexes in sina
ovaries and was located between the layers formed by the C-terminal C(3)G antibody (S5E Fig) , similar to Corolla staining ( Fig 4C) . Taken together, these results support the conclusion that mutations in sina lead to the formation of numerous, large polycomplexes during prophase in Drosophila females. Moreover, the repeating array of SC proteins illustrates that the sina polycomplexes have an organized structure and are not merely amorphous aggregates of SC proteins. Df ovaries. The section is interpreted to be an oblique section through the polycomplex on the left based on a similar-looking EM section of a polycomplex described in [45] . The section illustrates the polycomplexes have a hollow inside appearance. Scale bar, 0.2 μm.
https://doi.org/10.1371/journal.pgen.1008161.g004
Cohesins and the lateral element protein C(2)M localize to a subset of sina polycomplexes
While polycomplexes have been observed previously in Drosophila oocytes and other organisms, their protein composition has been extensively examined in only a few organisms [21, 22, 25, 29, 30, 31] . In a number of these investigations, the polycomplexes do not appear to be associated with DNA [22, 23, 24, 29] . Additionally, examples of polycomplexes lacking LE proteins have been identified. For example, in Caenorhabditis elegans, cohesin and axial/ LE proteins fail to localize to polycomplexes that result from a mutation in the LE protein htp-3 [22, 29] . Polycomplex-like structures have even been observed in mammalian cell lines when only the primary transverse filament protein was overexpressed [33] .
To examine the polycomplexes in sina A4 and sina
A4
/sina Df mutants for the association of chromatin and LE proteins, we used a spread protocol in which soluble proteins are removed and only those proteins that are chromatin-associated remain bound to the slide. As was observed for the SC in wild-type nuclei (Fig 5A) , we found that polycomplexes could be readily identified within nuclei in chromosome spreads of sina A4 and sina
/sina Df ovaries ( Fig 5B and 5C). While this protocol would fail to reveal the presence of a subpopulation of non-chromatin-associated polycomplexes, these studies provide evidence that at least some of the sina polycomplexes are attached to chromatin. The polycomplexes in Fig 5B and 5C are entirely within the DAPI-stained regions suggesting that the polycomplexes in these nuclei are attached to the chromatin at multiple points along the polycomplexes.
As described in Methods, we used a cocktail of antibodies to both Structural maintenance of chromosomes 1 and 3 (Smc1/3) to examine the localization of these core cohesin components to the sina polycomplexes (Fig 5B and 5C ). In wild type, Smc1/3 can be observed as tracks similar to the C-terminus of C(3)G (Fig 5A) as has been reported previously [48] . In chromosome spreads of sina A4 and sina
/sina Df mutants, the Smc1/3 antibodies localized to the sina-induced polycomplexes (Fig 5B and 5C ). To the best of our knowledge, the presence of core cohesin proteins has not been reported for polycomplexes previously characterized in Drosophila, although a recent example of polycomplexes in C. elegans does appear to contain SMC3 [31] . We also examined the kleisin-like LE protein C(2)M (Crossover Suppressor on 2 of Manheim) with respect to sina-induced polycomplexes by using an N-terminal HA-tagged C(2)M overexpression construct ( 3XHA c(2)M) [9] . In whole-mount preparations this construct localized to many, but not all, of the SC polycomplexes in sina A4 /sina Df oocytes (Fig 5D) . By SIM, 3XHA C(2)M clearly localized in two tracks near the C-terminus of C(3)G in wild-type nuclei ( Fig 5E) and in a striped pattern near the C-terminus of C(3)G for sina A4 /sina Df polycomplexes ( Fig 5F) . SIM also showed a failure of 3XHA C(2)M to localize to a subset of sinainduced polycomplexes (Fig 5G) . Upon further examination of images of sina A4 /sina Df germaria, we found that the thin polycomplexes formed in the mitotic nuclei in region 1 consistently appeared to lack 3XHA C(2)M ( Fig 5D) . This was not surprising, because C(2)M is not normally expressed in region 1 of the germarium [9] . The few polycomplexes lacking 3XHA C(2)M in early pachytene (region 2A) were of a similar size to the polycomplexes formed in region 1. We speculate that the polycomplexes formed in the absence of C(2)M in region 1 may be unable to later recruit C(2)M as the nuclei enter meiosis in early pachytene (region 2A). Our current studies cannot differentiate whether the polycomplexes that form in the premeiotic divisions are a different structure that prevents the localization of C(2)M or whether C(2)M can only load when polycomplexes are formed de novo. Answering this question will require further investigation.
Polycomplexes in sina mutants persist into late prophase and early prometaphase I
In wild-type Drosophila ovaries, up to four nuclei of the 16-cell interconnected cyst initiate SC assembly along the chromosome arms in early pachytene (region 2A). By mid-pachytene (region 3) all but one of the nuclei disassemble their SC (Fig 1B) . The single remaining SC-positive nucleus becomes the oocyte, while the other formerly SC-positive nuclei assume a nurse cell fate. In sina
A4
/sina Df germaria, all the nuclei that normally initiate SC assembly appear to form polycomplexes, while in sina A4 homozygotes, polycomplexes can be observed in both nuclei in the early/mid-pachytene (region 2B) cysts that still contain SC proteins (S2B and S2C Fig) . Once formed, polycomplexes remained in mid-pachytene (region 3) in a subset of sina mutant nuclei that would have normally disassembled their SC to become nurse cells. To determine if the persistence of nuclei with sina-induced polycomplexes was the result of a failure to specify the oocyte, we examined Orb localization in sina mutants. Orb is a protein required for the determination of the oocyte nucleus and concentrates in the cytoplasm of the specified oocyte [49, 50] . In wild-type, as well as sina A4 and sina
/sina Df mutant ovaries, there was only a single nucleus accumulating Orb protein in mid-pachytene (region 3) (S2A- S2C  Fig) . This indicates that oocyte specification occurred normally and that the persistence of polycomplexes in the additional nuclei is likely caused by a disassembly delay (S2B and S2C  Fig) .
SC is normally present only in the oocyte nucleus in mid-prophase in wild type (Fig 6A) . Polycomplexes were observed to persist in nurse cells in mid-prophase (stages 2-9) in sina A4 / sina Df oocytes, including in nurse cell nuclei that had begun their endoreduplication cycles as based on DAPI (Fig 6B and 6C ). There were typically only one or two persisting polycomplexes per nurse cell nucleus, while multiple polycomplexes could be observed in the four nuclei building polycomplexes in early pachytene ( Table 2 ). This demonstrates that only a subset of the polycomplexes resisted timely disassembly in the nurse cell nuclei of sina mutants.
More intriguingly, a subset of the polycomplexes within sina
/sina Df oocyte nuclei were also resistant to disassembly. While SC progressively disassembles along the chromosome arms in stages 5-7 in wild type, polycomplexes could still be observed in sina
/sina Df oocytes that appeared to be in late prophase (stages 10-12). Later-stage polycomplexes may not be associated along their entire lengths with the chromatin, since examples could be identified that appeared to associate at one end in the chromatin while the other end of the polycomplex extended past the DAPI staining (Fig 6D) . Most surprisingly, while central region components are absent during prometaphase I in wild-type oocytes (Fig 6E) , polycomplex-like structures could be observed after spindle assembly in sina A4 
/sina
Df oocytes (Fig 6F) . These polycomplexes were still present in 81.6% of sina A4 /sina Df prometaphase I/ metaphase I oocytes (n = 98). They were either associated with the meiosis I spindle or pushed free into the cytoplasm rather than near the chromosomes. In Drosophila females, the chromosomes promote meiosis I spindle assembly, so it is possible the growing microtubules dislodge any remaining polycomplexes near the chromosomes. Polycomplexes were not observed after spindle assembly in sina A4 oocytes (n = 46), and no SC structures were observed in wild-type after spindle assembly (n = 37) (Fig 6E) . The ability of the polycomplexes to persist after spindle assembly in sina A4 /sina Df demonstrates that at least a subset of the polycomplexes resist timely disassembly. While polycomplexes have been reported after spindle assembly in other organisms, this is the first observation of polycomplexes present during prometaphase I of Drosophila oocytes [23, 27] .
Centromeres associate near sina polycomplexes and centromere clustering is defective in sina mutants
The central region components of the SC are first loaded at the centromeres in the pre-meiotic dividing nuclei, and the centromeres are the last place the SC components are disassembled at mid/late prophase [10, 11, 41] . We examined the localization of centromeres with respect to the polycomplexes in comparison to wild-type nuclei (S6A Fig). We used an antibody recognizing the centromere-specific histone Centromere identifier (Cid) [51] to mark centromeres, a Corolla antibody to identify polycomplexes, and an antibody against lamin to clearly demarcate nuclear bounds and assist with scoring individual nuclei (S6 Fig). The use of the lamin antibody demonstrated the polycomplexes were confined to the nucleus (S6 Fig) . Small polycomplexes were observed in the pre-meiotic nuclei in region 1 that were associated with one or more centromeres in sina A4 /sina Df nuclei, similar to the foci of SC components associated This close association of the centromeres to polycomplexes is more apparent when examining centromeres using stimulated emission depletion (STED) microscopy ( S7 Fig). In the nurse cells that maintained polycomplexes into mid-prophase, the remaining polycomplexes were observed to also remain associated with Cid foci (Fig 6B and 6C) . The SC has been shown to be required for the process of centromere clustering in Drosophila oocytes [10, 11] . In wild-type Drosophila oocytes, the centromeres from the four sets of chromosomes form an average of approximately two clusters (Fig 7 and S6A Fig) [10, 11] . We examined whether the process of centromere clustering was affected in sina mutant ovaries. While centromeres can associate with the sina polycomplexes, sina mutant ovaries failed to promote and maintain centromere clustering. Consistent with previously published results [10, 11] , in wild-type nuclei an average of 1.5 Cid foci were observed in early pachytene (region 2A) and a similar level of clustering was maintained into mid-prophase (Fig 7) . In early pachytene (region 2A) in sina A4 homozygotes, where some nuclei have assembled full or partial SC tracks, there was an average of 2.4 Cid foci (Fig 7) . However, as the cyst progresses through pachytene, the increase in polycomplex formation was correlated with a worsening of centromere clustering, averaging 3.4 Cid foci at early/mid-pachytene (region 2B). Subsequently, centromere clustering improved at mid-prophase to 2.4 Cid foci. The analysis of centromere cluster number in sina mutants was complicated by the varying patterns of Cid localization observed. In some oocytes, Cid appeared as elongated smears wrapping along or around the polycomplexes, thus requiring the nuclei with the more aberrant Cid localization patterns to be excluded from quantification (S6E Fig (Fig 7 and S6D Fig) . Centromere clustering remained defective in sina
A4
/sina Df ovaries throughout pachytene (Fig 7) . An average of four Cid foci usually indicates that pairing of homologous centromeres is occurring but clustering of non-homologous chromosomes is disrupted (as Drosophila has four pairs of homologous chromosomes). While the average number was four Cid foci, there were examples of nuclei with five or more Cid foci in sina
/sina Df ovaries, indicating that in some nuclei the pairing of homologous centromeres can also be disrupted in sina
/sina Df ovaries (Fig 7) . As we showed above, centromeres are able to associate near the sina-induced polycomplexes, but disruption of sina prevents centromere clustering when polycomplexes form. We cannot rule out that the process of centromere clustering is directly affected by the absence of sina function. However, we prefer a model in which that it is the presence of the polycomplexes that disrupts the ability of the centromeres to cluster. The weaker defect in centromere clustering observed in early pachytene (region 2A) in sina A4 homozygotes (before full polycomplex formation) further supports the hypothesis that polycomplexes disrupt centromere clustering and, again, that sina A4 is a hypomorphic mutation.
The centromeres or centromere-associated proteins may have an affinity for some feature of the polycomplexes, and/or centromeres may act as an initiation point for polycomplex formation. The polycomplexes that persisted into later stages in both the pro-oocyte and nurse cells frequently were associated with centromeres (Fig 6B and 6C) . Potentially, the centromeres are involved in the mechanism preventing the disassembly of a subset of polycomplexes, similar to the delayed disassembly of SC components near the centromeres in wild type.
The sina A4 mutation causes decreased recombination
Null mutations in central region components of the SC cause a reduction in the number of meiotic DSBs, abolish crossover formation, and subsequently cause high levels of chromosome nondisjunction [6, 7, 8] . This is likely due to the failure of central region mutants to assemble SC. In sina mutant germaria, however, SC components primarily assemble into aberrant polycomplexes. We wanted to determine if the sina-induced SC polycomplexes were able to function in the formation of crossovers, and therefore we analyzed both the presence of meiotically induced DSBs and the repair of those DSBs into crossover products in sina mutant females. We identified DSBs using an antibody that recognizes γH2AV, the histone modification made in response to DSB formation. In wild-type oocytes, γH2AV foci are first observed in early pachytene (region 2A) of the germarium, following the formation of full-length SC ( Fig  8A) [52] . Foci persist into early/mid-pachytene (region 2B), and steadily decrease in number as cysts progress into mid-pachytene. Very few γH2AV foci are observed in mid-pachytene (region 3), indicating repair of DSBs into crossovers and noncrossovers has been initiated. In both sina A4 and sina
A4
/sina Df ovaries, γH2AV foci could be observed at a similar frequency as wild type in early pachytene (Fig 8B-8D , Table 4 ), demonstrating that the induction of meiotic DSBs is not disrupted in sina mutants. In addition, the kinetics of DSB repair in sina mutants was not significantly different than wild-type (Table 4) . Taken together these results suggest that DSB formation and repair are not significantly disrupted in the absence of Sina function.
In our analysis, we observed that many of the γH2AV foci appeared to be in close proximity to polycomplexes when present in sina mutants (Fig 8B-8D) . Therefore, we analyzed the position of the γH2AV foci in relation to the SC for both wild-type and sina mutants. We found in wild-type the γH2AV foci were associated with tracks of SC 100% of the time in both early pachytene (52 γH2AV scored from 5 nuclei) (Fig 8A) and early/ mid-pachytene nuclei (28 γH2AV scored from 10 nuclei). The vast majority of γH2AV foci were also found associated with SC in both sina A4 and sina
/sina Df from early pachytene throughout early/mid-pachytene. In sina A4 we found that 100% of the γH2AV foci were associated with SC in early pachytene nuclei containing polycomplexes (92.8% associated with polycomplexes, 7.2% associated with track-like SC, 70 γH2AV scored from 6 nuclei). Similar association was observed in early/ mid-pachytene (85.3% associated with polycomplexes, 14.7% associated with track-like SC, 34 γH2AV foci scored from 10 sina A4 nuclei). In early pachytene sina A4 /sina Df nuclei the γH2AV foci were 89.0% associated with polycomplexes and 9.6% associated with tracks or foci of SC (73 γH2AV foci scored from 7 nuclei). In early/mid-pachytene sina A4 /sina Df nuclei the γH2AV foci were 90.0% associated with polycomplexes and 3.3% percent associated with a focus of SC (30 γH2AV foci scored from 14 nuclei). Examples of the γH2AV signal appearing to form patches along or around the polycomplexes could be observed in some sina mutant nuclei, making it difficult to assign a location and number of γH2AV foci in these nuclei. These patches of signal may represent association of multiple closely spaced DSBs, but we could not rule out the localization pattern representing a spread of the γH2AV signal from one DSB. While sites of DSBs localize near sina polycomplexes the DSBs may not be interacting directly with the central region components of the sina polyocomplex. Proteins, such as the DSB initiation and repair machinery could be mediating the localization pattern of γH2AV foci in regions near the polyocomplexes.
Since DSBs occur at wild type frequency in sina mutant oocytes and can associate with the SC tracks and polycomplexes, we next asked if the DSBs could be converted to crossovers in these mutants. Meiotic recombination along the entire length of the X chromosome was assayed in sina A4 and sina
/sina Df females and compared to wild type. For sina A4 homozygotes, the total recombination along the X chromosome was reduced (to~20% of wild type), . Taken together these data suggest that the sina polycomplexes cause a defect with respect to crossover formation, despite the localization of DSBs near the polycomplexes.
Loss of C(2)M leads to a reduction in polycomplex formation in sina mutants
Since the LE protein C(2)M localizes to many of the sina polycomplexes, we examined the consequences of loss of c(2)M on polycomplex formation. We generated females doubly homozygous for a null mutation in c (2) (Fig 9 and S8 Fig) . In c(2)M EP2115 germaria, the SC begins to load as small patches near the centromeres and multiple additional locations, but fails to elongate the central region components into full tracks of SC ( Fig 9A and S8D Fig) [9] . Surprisingly, in both double mutant backgrounds, the number of polycomplexes was reduced, but not eliminated, compared to each sina mutant alone ( Table 2 ). This difference in average polycomplex number was even greater in subsequent stages ( signal touching the SC signal [41] (Fig 9B and 9C) /sina Df showed a large variation in length and width (Fig 3 and S3 Fig, Table 3) , with less variability in polycomplex width in c(2)M
EP2115
; sina A4 oocytes in early pachytene. However, we did observe in
c(2)M EP2115
; sina A4 oocytes the polycomplex width became more variable at later stages (Fig 3   and S3 Fig, Table 3 ). These results indicate that while C(2)M localizes to many of the polycomplexes in sina mutants, it is not required for the formation of all polycomplexes. The propensity for nuclei with 1-2 polycomplexes instead of multiple polycomplexes in sina A4 mutants indicates that C(2)M facilitates the initiation of polycomplexes, perhaps similar to how C(2)M is required for the elongation of central region components into long tracks along the chromosome arms in wild-type oocytes [9] . This idea is further supported by the observation that the 1-2 polycomplexes in each nucleus in the double mutants were often centromere associated. The loading of the central region components to the centromeres requires the Sunn, Solo and Ord protein complex in wild-type oocytes [10, 48, 55] . This same complex could be responsible for initiating polycomplexes near the centromeres and in the premeiotic region of the ovary, while initiation of additional polycomplexes at pachytene might be facilitated by a C(2)M-based protein complex. The different protein requirements of the polycomplexes in sina mutants indicates that polycomplex formation may not be uniform.
Discussion
During meiosis, the components of the central region of the SC have the potential to misassemble into polycomplexes [23, 27] . To prevent this process from impairing normal SC assembly, organisms likely have developed mechanisms to inhibit this form of SC assembly in meiosis. In Drosophila females, Sina appears to be a key regulator in preventing the polycomplex mode of assembly. Loss of Sina function allows SC components to preferentially incorporate into polycomplexes, leading to defects in the normal assembly of SC between homologous chromosomes.
The function of Sina
Sina family members in multiple organisms have been shown to function as E3 ubiquitin ligases to target proteins for degradation. In the Drosophila eye, Sina, in combination with its cofactor Phyllopod, targets the transcriptional repressor Tramtrack for degradation to allow for R7 photoreceptor specification [36] . Closely related homologs of Sina in vertebrates have been implicated in the degradation of numerous proteins [34, 35, 37, 38] , supporting the idea that Sina might act during meiosis to mediate the degradation of a regulator of SC assembly in the oocyte. Indeed, we can imagine two variants on this hypothesis: 1) Sina-mediated ubiquitination functions primarily to stabilize those SC components that are properly assembled into SC between the homologs or 2) Sina-mediated ubiquitination acts to destabilize polycomplexes thus directing SC components to proper SC formation. That fact that in sina
A4
/sina Df mutant oocytes we observed the formation of rod-like PC, even before canonical SC is formed supports the proposal that the primary role of wild-type Sina is to block PC formation. Much of our ongoing studies focuses on identifying Sina targets, and specifically to determine whether Sina acts to induce the modification of SC structural components or rather regulators of SC assembly. If Sina directly degraded a SC component one would expect the phenotype of sina mutants to be nuclei with normal SC with additional polycomplexes due to the excess SC component self-assembling. sina mutant nuclei can be identified lacking normal SC and displaying only polycomplexes supporting the idea that Sina degrades a protein that regulates the choice between normal and polycomplex SC assembly.
Recent studies in other model systems have illustrated the roles of post-translational modifications, including phosphorylation and sumoylation, in controlling the assembly and disassembly of SC components along the chromosomes [5, 18, 19, 20, 21] . For example, expression in yeast of a version of the central region component Ecm11 that cannot be sumolyated results in the assembly of polycomplexes [21] . Knock-down of a proteasome component led to polycomplex formation in C.elegans [56] . In addition, ubiquitination has been associated with the regulation of meiotic recombination [56, 57] . Mutation of mouse siah1a, a sina homolog, leads to defects at metaphase/ anaphase I in males [58] . While prophase appeared normal in the mutant male mice, this result suggests that ubiquitination, and specifically by Sina homologs, may play roles in regulating meiosis across species.
How might the A4 mutation affect Sina function?
The C-terminal half of Sina shows high sequence homology with its mammalian Siah1 and Siah2 homologs (see [16] for full description of the homology among the Sina family of proteins). This region of Sina homologs appears to mediate the binding of Sina to many of its targets and cofactors and to facilitate homo-and heterodimerization of Siah family members [59] . The sina A4 mutation described here resides in a C-terminal beta-sheet that mediates dimerization of human Siah1 in crystallography studies [59, 60] and is absolutely conserved with the mammalian Siah1 and Siah2 proteins. The sina A4 mutation is an A to V amino acid change that behaves as a hypomorphic mutation. As an E3 ubiquitin ligase, Sina homologs interact with cell-specific cofactors to recognize targets for degradation [36, 61, 62] . The sina A4 mutation may impact the structure of Drosophila Sina and hamper its ability to recognize a specific meiotic cofactor/target(s). This hypothesis is supported by the observation that sina A4 mutant flies survive longer in our meiotic assays than null sina mutant flies, are partially fertile, and do not display obvious external mitotic defects [39, 63] . This suggests the A4 mutation disrupts Sina's ability to target a protein(s) for degradation in the germline more severely than mitotic targets. Alternatively, the sina A4 mutation may be disrupting the stability of the Sina protein, particularly in the female germline.
Sina acts at multiple points
Varying the dosage of wild-type Sina product clearly affects the onset of polycomplex formation. As noted above, in the hypomorphic sina A4 homozygotes, SC components attempt to assemble into track-like SC in early pachytene but then disassemble from the tracks and switch to polycomplex formation as the cyst progresses through the germarium. However, polycomplexes are seen earlier in sina
A4
/sina Df mutant ovaries with small polycomplexes being observed in pre-mitotic nuclei in region 1 (at this stage in wild-type oocytes, central region components are normally only observed as foci associated with the centromeres). We interpret these data to indicate that polycomplex assembly needs to be prevented (presumably by Sina) even before SC assembly, and likely at multiple stages in meiosis. Perhaps in homozygotes, the sina A4 mutant protein retains sufficient function until early pachytene to allow for SC assembly along the euchromatin, but ultimately fails to degrade enough of the target to prevent SC components from disassembling along the chromosome arms and initiating polycomplex formation. Moreover, the delayed appearance of polycomplexes in sina A4 homozygotes indicates that promotion of SC components into canonical SC may be an active process that needs to be continued throughout pachytene. Sina may be needed throughout pachytene to actively shift assembly of SC components away from self-assembling into polycomplexes.
The persistence of sina polycomplexes beyond the end of prophase
It is unclear why in sina
A4
/sina Df ovaries a subset of polycomplexes failed to be disassembled in late prophase and appeared to be maintained into prometaphase I (Fig 6) . This persistence of polycomplexes until prometaphase I has been noted in other organisms [23, 27] . In wild-type Drosophila females, the SC disassembles along the chromosome arms earlier than it does from the centromeres. This difference in the timing of SC disassembly indicates the oocyte must have a mechanism to differentiate between SC at different locations. A similar mechanism may mark some sina-induced polycomplexes as ready for disassembly in mid-prophase while others are marked to resist degradation at the time the SC is disassembled at the euchromatin in wild-type oocytes. The differential disassembly of sina polycomplexes may provide insight into the regulation of wild-type SC assembly and disassembly.
The structure(s) of the polycomplexes
As is seen for the rare spontaneously occurring polycomplexes previously observed by EM in Drosophila [12, 28] , EM of the polycomplexes in sina
A4
/sina Df mutants shows repeating layers of lateral and central elements. Both Corolla and Cona (the two known central element proteins in Drosophila) localize to the sina polycomplexes. Based on immuno-EM (Corolla) and SIM (Cona and Corolla), the proteins alternate with the C-terminus of C(3)G, which in wild type localizes to both LEs of the SC [8, 12, 17] . This arrangement suggests that the polycomplexes are composed of repeating layers of wild-type tripartite SC. How one "layer" of SC interacts with the next to form polycomplexes has been a question pondered for many years [23, 27] .
In sina mutants, the LE protein C(2)M localizes to most, but not all, of the polycomplexes in a pattern similar to the C-terminus of C(3)G ( Fig 4F) ; this indicates that like in wild type, C(2)M localizes near the C-terminus of C(3)G. Since early sina polycomplexes lack C(2)M, this protein may not be required to connect the layers of the polycomplex but rather may play a role in initiating and promoting additional polycomplex formation. This idea is supported by the observation that polycomplex formation is reduced, but not abolished in c(2)M; sina double mutants (Fig 9 and S8 Fig). More intriguing is the localization of the core cohesin proteins Smc1/3 to sina polycomplexes. In C. elegans, SMC3 and meiotic kleisin proteins were recently observed to localize to polycomplexes in akir-1; ima-2 double mutants, which likely have defects in the nuclear import and loading of cohesin proteins [31] . Conversely, core cohesin proteins in C. elegans were not observed to localize to polycomplexes caused by loss of meiotic kleisin proteins or the LE protein HTP-3 [22, 25, 29] . These examples, as well as the sina polycomplexes, illustrate that polycomplexes display variations between and within species despite exhibiting structural similarities.
Why do sina polycomplexes have LE proteins?
Normally, the proteins C(2)M and the cohesins Smc1/3 are localized within the LE along the chromosome axes. In Drosophila, C(3)G spans the distance between the LEs, and by EM the C-terminus of C(3)G localizes at the LE [12] . One explanation for the localization of LE proteins to the polycomplexes is that the LE proteins are attracted to the C-terminal ends of C(3)G present in the sina polycomplexes. In the absence of competing central region components (as is the case for null mutants for central region components), the LE components remain associated with the chromosomes [7, 9, 48] . Alternatively, Sina may degrade a regulator that controls the localization of LE proteins in the homolog axes. Failure to degrade this regulator in sina mutants might drive the loss of LE proteins from the chromosome axes. Decreased LE proteins along the chromosome axis could prevent stable association of the central region along the homologs to promote polycomplex formation. Indeed, females mutant for both c(2)M and ord, which would disrupt both proposed meiotic cohesin complexes, display polycomplex formation indicating that loss of multiple lateral element protein complexes can cause polycomplex formation [11, 55] . The possibility that Sina affects the localization of LE proteins would also be consistent with mechanisms of polycomplex formation in C. elegans in which loss of cohesin and LE proteins leads to polycomplex formation [22, 25, 29] .
Do the LE proteins mediate interaction with centromeres, DSBs and chromatin?
The presence of LE proteins could provide an explanation for the chromatin association of sina polycomplexes. While many previously studied polycomplexes do not show chromatin association [22, 23, 24] , there is at least one reported example of DNA-associated polycomplexes. In a yeast mutant for the meiosis-specific transcription factor ndt80, DNA was shown in close association with the lines similar in appearance to the LEs of the polycomplexes as observed by EM [64] . Conversely, the polycomplexes in ord; c(2)M mutants, which would disrupt both proposed cohesin complexes, were seen in the cytoplasm indicating these polycomplexes are not chromatin associated [11, 55] . Both observations are concordant with the idea that the LE proteins that associate with the sina polycomplexes may be mediating the binding of sina polycomplexes to chromatin.
While the sina polycomplexes are abnormal SC structures, there may well be aspects of their structure that resemble wild-type SC for both centromeres and DSBs (or centromere and DSB associated proteins) to localize near the polycomplexes. In wild-type oocytes, central region components first load to the centromeres and they are required for centromere clustering [8, 10, 41] . In yeast the transverse filament protein Zip1 also localizes early in meiosis to centromeres [65] . It is unclear how the SC interacts with the centromeres and how it is preferentially loaded to centromeres first in the mitotic divisions in wild-type flies. The centromeres or proteins that bind the centromeres may recognize some protein or substructure common to both wild-type SC and polycomplexes.
As is the case for centromeres, the recombination machinery may be able to recognize the polycomplexes as SC to affect the localization of DSBs. In Drosophila females the Vilya and Narya proteins, which are required for DSB formation and repair, initially localize to the central region of the SC, as well as to DSBs [66, 67] . It is possible these and other DSB associated proteins are mediating the localization of DSBs near sina polycomplexes. However, the abnormal centromere clustering and decreased recombination in sina mutants indicates both processes require wild-type SC structure for completion. Decreased recombination is also associated with polycomplex formation in several C. elegans mutants [31, 32] . The sina polycomplexes provide a tool for dissecting which aspects of SC structure are required for different SC functions.
Model of Sina function in the germline
The observation of polycomplexes in numerous organisms illustrates that SC components have the intrinsic ability to polymerize into polycomplexes [13, 22, 23, 24, 25, 27] . It would be beneficial to develop mechanisms to prevent polycomplex formation, which could interfere with the proper assembly of SC components to synapse the homologous chromosomes.
Preventing polycomplex formation would also be crucial at times when SC components are expressed but chromosomes are not fully synapsed, such as during the final mitotic divisions of the 16-cell cyst in the Drosophila ovary when SC components are restricted to assembly only at the centromeres. The phenotypes of sina mutants in the germline suggest that Sina plays a pivotal role in inhibiting SC components from assembling into polycomplexes during these periods (Fig 10) . As an E3 ubiquitin ligase, this role on SC formation is likely indirect. Sina likely targets for degradation a protein that promotes the assembly of SC components (both central region and LE proteins) into polycomplexes or inhibits normal assembly between the homologs. The localization of LE proteins to the sina polycomplexes could allow DNA association, including centromeres, with the polycomplexes. When both the LE protein C(2)M and Sina are absent, polycomplex formation is reduced, indicating that C(2)M further promotes polycomplex formation in sina mutants.
What are the potential meiotic targets of Sina?
Since Sina proteins normally target other proteins for degradation, what is the likely target protein being degraded? One possibility is a protein that modifies the chromosome axis to prevent the loading and/or maintenance of SC components along the chromosomes. A second possibility is that Sina targets a protein that post-translationally modifies SC components to promote self-assembly into polycomplexes. In the premeiotic divisions of the 16-cell cyst, central region components are present and load to the centromeres but must be prevented from loading along the chromosome arms. Potentially, Sina could be degrading a meiotic regulator that helps to promote this pre-meiotic state of SC assembly. While overexpression of the 
Methods
Stocks
The gene seven in absentia (sina, CG9949, FBgn0003410) is located on the 3 rd chromosome.
The sina A4 mutation is an A-to-V mutation at amino acid 270 that was isolated in an ethylmethanesulfonate-induced forward genetic screen. The mutagenized chromosome was recombined to pick up the visible markers sr e ca to remove linked mutations on 3R resulting from the mutagenesis (see Flybase for descriptions). sina A4 refers to the genotype sina A4 sr e ca. The sina 3 mutation is a deletion in the C-terminal half of the Sina protein that leads to an early stop at amino acid 212 and is presumed to be a null allele of sina [39] . The molecular lesion in the sina P21 allele has not been reported [43, 44] . The deficiency sinaSH (named sina Df here for simplicity) is a small deficiency removing parts of the sina and sinaH genes as described [68] .
Wild type was y w; spa pol except for experiments with genetic overexpression constructs and recombination. Overexpression constructs include pUASp:
3XHA
-c(2)M (gift from Kim McKim) [9] , pUASP-Cona-venus [7] and FLAG sina WT (described below). Overexpression constructs were driven in the germline by Pnos-Gal4::VP16 [69] located on the X chromosome.
Immunohistochemistry
Imaging of early stages in whole-mount ovaries was carried out as described in [67] with two changes: female flies were yeasted and dissected 1-2 days post eclosion, and ovaries were dissected in PBS plus 0.1% TWEEN-20 (PBST). For imaging of late-stage oocytes, ovaries were dissected in 1X Robb's buffer (55 mM sodium acetate, 8 mM potassium acetate, 20 mM sucrose, 0.44 mM magnesium chloride, 0.01 mM calcium chloride, 20 mM HEPES) with 1% bovine serum albumin (BSA). Ovaries were fixed in 16% EM-grade formaldehyde (Ted Pella, Redding, CA) mixed 1:1 with a solution of 200 mM potassium cacodylate, 200 mM sucrose, 80 mM sodium acetate, and 20 mM EGTA for 5 min. Ovaries were washed 3 times in PBS plus 0.1% Triton X-100 (PBSTx) for at least 15 min each and then manually dechorionated between two frosted slides. Ovaries were blocked in PBSTx with 5% normal goat serum for at least 1 hr and then primary antibodies were left overnight in fresh blocking solution at 4˚C. After 3 washes in PBSTx, secondary antibodies were applied in blocking solution for 4 hr with DAPI added during the last 15 min. After 3 washes in PBSTx, the samples were mounted in Prolog Gold (ThermoFisher Scientific).
Chromosome spreads were carried out as described in [48] with the few following minor changes. After later stages were removed in the hypo-buffer (30 mM Tris pH 8.0, 50 mM sucrose, 17 mM trisodium citrate dihydrate, 5 mM EDTA, 0.5 mM DTT, and 1X protease inhibitor cocktail (Sigma-Aldrich)), the ovary tips were transferred to 30 μl of 100 mM sucrose for fine mincing. The entire 30 μl of solution was spread along a single angled slide that had been dipped into fix (25 mL of a 1% paraformaldehyde solution with 350 μl Triton X-100) for 15 sec. For immunolocalization, the rehydrated slides were blocked in 5% goat serum, 2% BSA, 0.1% Triton X-100, 0.01% sodium azide in PBS under parafilm for 1 hr at room temperature in a humid chamber or overnight at 4˚C. Primary antibodies were applied for 3 hr at room temperature or overnight at 4˚C.
Antibodies
Primary antibodies used for immunofluorescence include mouse anti-C(3)G 1A8-1G2, 5G4-1F1, and 1G5-2F7 (1:500 each) (1A8-1G2 was used for standard IF and immuno-EM, and a cocktail of all three C(3)G antibodies was used for STED) [12] , affinity-purified rabbit antiCorolla (animal 210) (1:2000) [8] , guinea pig anti-Cona (1:500) [7] , rabbit anti-Cid (1:2000) (gift of Dr. Gregory Rogers), rat anti-Cid (1:2000) [70] , mouse anti-Orb antibodies 4H8 and 6H4 (1:20 each) (Developmental Studies Hybridoma Bank, Iowa), mouse anti-γH2AV (1:1000) [71] , high-affinity rat anti-HA clone 3F10 (1:100) (Roche, Indianapolis, IN), rabbit anti-GFP (1:500) (AB6556, AbCam Inc.), mouse anti-lamin Dm0 ADL84.12 (1:100) (Developmental Studies Hybridoma Bank, Iowa), rat α-tubulin (1:250) (Serotec), mouse anti-FLAG (1:500) (F3165, Sigma-Aldrich), mouse anti-Siah2 (1:10) (24E6H3, Novus Biologicals), rat anti-Smc1 (1:250) (described below), and guinea pig anti-Smc3 (1:250) (described below).
Secondary goat anti-mouse, rabbit, guinea pig or rat Alexa-488, Alexa-555 and Alexa-647 IgG H&L chain conjugated antibodies (Molecular Probes,ThermoFisher Scientific) were used at 1:500 for early whole-mount samples and 1:400 for chromosome spreads and late stage-samples that used the DeltaVision and OMX microscopes. For STED, goat anti-mouse Abberior STAR 635 (Sigma Aldrich) and goat anti-rabbit Alexa-594 IgG H&L chain conjugated antibodies (Molecular Probes, ThermoFischer Scientific) were used at 1:500.
For the production of Smc1 and Smc3 antibodies, the following peptides were made by KLH using Biosynthesis: MTEEDDDVAQRVATAPVRKP-cys (Smc1) and CVTREEAKVF-VEDDSTHA (Smc3). Peptides were then injected into a rat (Smc1) or guinea pig (Smc3) by Cocalico Biologicals.
Microscopes and imaging conditions
A Deltavision Elite system from GE Healthcare equipped with an Olympus IX70 inverted microscope and a high-resolution CCD camera was used for most images. An Applied Precision OMX Blaze microscope (Issaquah, WA, USA) furnished with a PCO Edge sCMOS camera was used for standard super-resolution images. SoftWoRx v. 6.1 or 7.0.0 (Applied Precision/GE Healthcare) was used to deconvolve images (Deltavision and OMX) and reconstruct (OMX) images. SoftWoRx v. 6.1 or Imaris software 8.3.1 (Bitplane, Zurich, Switzerland) was used for image analysis. Brightness and contrast were adjusted minimally to visualize signals during figure preparation.
STED images were acquired with a Leica SP8 Gated STED microscope with a 100x, 1.4 N. A. objective. Abberior STAR 635 labelled probe was imaged with a pulsed white light (80 MHz) tuned to 635 nm; Alexa Fluor 594 labelled probe was imaged with the same white laser tuned at 594 nm. Both probes used a pulsed STED 775-nm laser as the depletion laser. All images were acquired in 2D mode with 80%-90% of maximum depletion laser power to maximize lateral resolution, and each image was averaged 8 times in line average mode. The emission photons were collected with an internal Leica HyD hybrid detector with a time gate between 1-6 ns. Raw STED images were deconvolved with the STED module in the Huygens professional deconvolution software (version 14.10; Scientific Volume Imaging). Deconvolution was processed with theoretical estimated point spread function and background from raw data, and the signal to noise was set in the range of 15-20 depending on the signal intensity. Other settings used were the system default.
Immuno-EM
Whole-mount immuno-EM samples were prepared as described in [67] . Primary antibodies were mouse anti-C(3)G (1:500) and rabbit anti-Corolla (1:2000) . Secondary antibodies used were anti-rabbit Alexa-488 and anti-mouse ultra-small gold (Electron Microscopy Sciences, Hatfield, PA). For on-section immunogold labeling, ultrathin sections of 50-70 nm in thickness were cut with a Diamond knife (DiATOME, PA), and mounted on Formvar-coated Nickle grids (EMS). The samples were incubated 1 hr at RT with the primary antibodies. After washing in PBS, samples were incubated for 1 hr with goat anti-mouse IgG conjugated to 6-nm gold particles and goat anti-rabbit IgG conjugated to 12-nm gold particles (Jackson ImmunoResearch Laboratories, PA). All sections were post-stained with uranyl acetate and lead citrate, observed, and imaged under a FEI transmission electron microscope.
Quantification
For the quantification of polycomplexes in sina A4 homozygotes and sina
A4
/sina Df ovaries images were scored that contained lamin antibody staining to demarcate the nuclei boundaries. Only nuclei with low optical distortion in z and minimal overlap with other SC positive nuclei were chosen for analysis. The number of polycomplexes (labeled with an antibody against Corolla) was scored by going through the entire nucleus defined by the lamin staining. Foci, puncta and track-like staining of central region components was excluded from the total polycomplex averages. For measurements of polycomplex size a subset of polycomplexes within the scored nuclei were analyzed that contained clearly defined ends for length measurements, showed low optical distortion, and were not too complex in shape (structures that differed in both length and width at multiple points were excluded for size measurements). For simple cylinder shapes the length and width were recorded. For cones, tapered ellipses, and other structures that changed in width, the width of the polycomplexes was taken at the widest point. For double mutants with the c(2)M EP2115 mutation nuclei were scored without the use of the lamin antibody. The decreased density of polycomplexes allowed for accurate scoring of polyocomplex number and size using only the C(3)G or Corolla antibodies and DAPI. For analysis of γH2AV association, nuclei were examined by going through the z-stacks for each nuclei. A γH2AV focus was considered associated with a track of SC or a polycomplex if the γH2AV signal touched the Corolla signal or was within 0.2 of the nearest SC track or polycomplex.
Hatch rate assays
Virgin females 1-3 days post eclosion of the indicated genotype were mated with wild type (y w/y+ Y; spa pol ) males and allowed to acclimate in cages with grape plates supplemented with wet yeast paste for 1-2 days. Females were allowed to lay eggs on fresh grape plates with yeast paste for periods of 2-4 hr. The number of hatched and unhatched eggs was scored approximately 48 hr later. P-values were calculated using Fisher's exact test in combination with a False Discovery Rate (FDR) correction for multiple testing.
Meiotic nondisjunction and recombination assays
To measure the rate of both X and 4 th chromosome nondisjunction, virgin females of the indicated genotype were mated to multiple X^Y, In (1) th chromosome nondisjunction were performed as previously described [72, 73] . To calculate adjusted progeny in Table 1 , the number of X chromosome exceptional progeny, as well as the number of X+4 th chromosome exceptional progeny, were doubled to account for inviable classes of progeny. This total was added to the total number of progeny with normal chromosome segregation and the number of 4 th chromosome exceptional progeny to yield the final adjusted total of progeny. To measure only X chromosome nondisjunction in S1B Fig and meiotic description of the calculations of adjusted total progeny and X nondisjunction, see [66] . For recombination of the X chromosome in Table 5 
Construction of the FLAG-tagged wild-type sina rescue construct
The FLAG-tagged and UASp-driven wild-type sina rescue transgene was built by amplifying the sina coding region from cDNA using PCR while adding a 5' NotI and a 3'XbaI restriction site. The fragment was subcloned into the pUASp-attB-3XFLAG vector [74] after digestion with NotI and XbaI. The construct was sequence verified and sent to Best Gene Inc. for injection using ϕC31 site-specific integration into the attP40 line.
Protein alignment
For the alignment shown in Fig 1C the 
